The role of proteins in biomineralization and the mechanism of eggshell formation are not well understood. We have isolated and purified the major protein, ansocalcin from goose eggshell matrix. The amino acid sequence study indicates that ansocalcin is homologous to the chicken eggshell protein, ovocleidin 17, and C-type lectins. Ansocalcin nucleates polycrystalline aggregates of calcite crystals in in vitro mineralization experiments. The polycrystalline aggregates obtained at higher concentration of ansocalcin appears to be similar to the crystals observed at the mamillary layer of the eggshell.
B
iomineralization is commonly referred to as the formation of biocomposites consisting of layered assembly of biomacromolecules such as proteins with well ordered calcium-rich inorganic phase (1) (2) (3) . This highly complex process involves a series of molecular events such as selective recognition and deposition of calcium salts by proteins followed by the formation of a mineral phase comprising crystallites of uniform size, crystallographic orientation, and morphology (4, 5) . In most cases, the minerals are formed over a biomolecular scaffold or mold resulting in composite materials (6, 7) . The role of such biologically programmed composites varies from skeletal tissues to protective shells against the predators (8, 9) . These highly complex, hierarchically ordered and multifunctional composites are formed under mild conditions with size ranges from nano-to centimeter scale, exhibiting unusual mechanical properties that outperform synthetic materials (10) (11) (12) (13) (14) (15) . Such structures appeared to originate from organized assembly of biomacromolecules such as proteins, polysaccharides or proteoglycans, and the inorganic salt (16) . The organic macromolecules act as templates through self-assembly to facilitate interaction with the insoluble matrix and to induce the desired stereochemistry for the construction of organized structures (17) (18) (19) . Biomacromolecules are known to be involved in controlling the nucleation, growth, size, and shape of the mineral phases (20) . Often these macromolecules are functionalized with acidic groups such as carboxylic acid, sulfonate, and phosphate moieties, which allow them to be an effective metal ion chelator to interact with the inorganic matrix (21) (22) (23) .
Avian eggshells present a unique and interesting model for exploring the process of biomineralization, in which CaCO 3 layers are created by the selective nucleation and deposition of calcite crystals by proteins. Moreover, the active sites on the protein recognize calcium ions and induce nucleation of specific polymorph of CaCO 3 and control the morphology of mineral phase. In the case of chicken eggshells, Ϸ5 g of CaCO 3 is deposited within 22 h in an acellular medium as the egg passes through the oviduct, which makes avian eggshells one of the fastest mineralized hard tissues in biological systems (24) . The structure of an avian eggshell consists of two principal external layers, namely a membrane layer that surrounds the albumin and a calcified shell. The calcified shell exhibits various morphologically different domains ( Fig. 1; ref. 25 ). The inner portion of the calcified shell, known as mamillary layer, is partially embedded and attached to the outer surface of the membrane fibers. Next to the mamillary layer is the pallisade layer ( Fig. 1 A and B) , which forms 65-70% of the shell thickness. The demarcation between the mamillary and pallisade layer involves a gradual alteration in the crystal packing. It is believed that the calcite crystal nucleation and eggshell calcification start from the mamillary caps on the mamillary layer. To reveal the mamillary caps, we removed the membrane layer by perchlorate bleaching by using a procedure reported in the literature (26) . Fig. 1C shows mamillary caps, which contain tiny aggregates of calcite crystal buds. Because growth of the biomineralized structure takes place in a spatially controlled manner, it has been hypothesized that matrix vesicles might fulfill such a role in the eggshell calcification (27) .
The biomacromolecules also exert exquisite control over the polymorphism of a particular mineral phase. CaCO 3 has three known polymorphs: calcite, aragonite, and vaterite phases. The aragonite and calcite are stable polymorphs and observed in nature, whereas the vaterite is a metastable polymorph and rarely seen in biological systems (9) . Falini et al. (28, 29) showed that macromolecules extracted from aragonite layer of a natural hard tissue induced nucleation of aragonite crystals under appropriate microenvironment. Moreover, Belcher et al. (30) demonstrated that a soluble polyanionic protein (16 kDa) is efficient to allow the transformation of calcite to aragonite phase. However, the exact mechanism by which the macromolecules control the polymorphism in both biotic and abiotic systems is not yet well understood. Our interest is focused on understanding the molecular mechanism of biomineralization process and designing synthetic composites that resembles their biological counterparts. Here we report the purification and characterization of various matrix proteins from goose (Anser anser) eggshells and identify their role in in vitro mineralization of calcium salts. We believe that the nature and organization of functional groups at the surface of the proteins are crucial to achieving the desired selectivity in polymorph nucleation, as well as controlling the crystalline nature and morphology of the inorganic phase.
Experimental Procedures Extraction of the Eggshell Matrix Proteins.
Commercially available fresh goose eggshells were powdered and thoroughly washed with Millipore deionized water. They were decalcified with 1 N HCl for 30 min, filtered, and centrifuged. The supernatant solution was microconcentrated using Amicon micro concentrator (YCO 5 membrane, 500 MW cutoff) at 4°C. The turbid solution was centrifuged again at 4,000 rpm for 15 min and the supernatant liquid was taken for purification using reversedphase (RP)-HPLC.
Protein Purification. The proteins were fractionated on a Jupiter C18 reverse-phase column (5 m, 250 mm ϫ 10 mm) by using a Vision Workstation (Perkin-Elmer Biosystems). The column was equilibrated with 0.1% trifluoroacetic acid (TFA) and a linear gradient of acetonitrile was used for elution. The microconcentrated sample (Ϸ15 mg protein) was injected onto the column and eluted at a flow rate of 2 ml͞min. The elution of the proteins was monitored both at 215 and 280 nm.
Electrospray Ionization Mass Spectrometry. Precise masses of the proteins were determined by electrospray ionization mass spectrometry using a Perkin-Elmer Sciex API 300 triple quadrupole instrument equipped with an ionspray interface. The ionspray voltage was set at 4.6 kV and the orifice voltage at 30 V. Nitrogen was used as a curtain gas with a flow rate of 0.6 l͞min, while compressed air was used as the nebulizer gas. The sample was injected into the mass spectrometer at a flow rate of 20 ml͞min and scanned from mass to charge (m͞z) 500 to 3,000. The multiple charged spectrum was deconvoluted into the mass scale by using the BIOSPEC RECONSTRUCT software supplied with the instrument data system. Analysis of the Amino Acid Composition. Amino acid composition was obtained using the Shimadzu HPLC model LC-10 A͞C-R7A amino acid analysis system. To about 200 g of the pure proteins in 300 l of 6 N hydrochloric acid was added and hydrolyzed in vacuo at 112°C for 22 h. The hydrolyzed products, after evaporation of HCl, were separated on an ion exchange column, post column derivatized with o-phthalaldehyde and detected using a fluorescent detector.
Amino Terminal Sequencing. Amino terminal sequencing of the purified proteins͞peptides were performed by automated Edman degradation using a Perkin-Elmer Applied Biosystems 494 pulsed-liquid phase protein sequencer (Procise) with an on-line 785A PTH-amino acid analyzer.
Size Exclusion Chromatography (SEC). The SEC was performed on a 1.5 ϫ 57-cm Sepharose 6B-CL resin (Sigma) with CaCl 2 (10 mM) as the mobile phase. The ovalbumin, BSA, and chicken egg lysozyme were used as the standards. All of the standards and the extracted proteins were dissolved in CaCl 2 solution and eluted on the column.
Crystal Growth Experiments. CaCO 3 crystals were grown on glass coverslips placed inside the CaCl 2 solution kept in a Nunc dish (4 ϫ 6; ref. 16 ). Typically, 1 ml of 7.5 mM CaCl 2 solution was introduced into the wells containing the coverslips and the whole set-up was covered with aluminum foil with a few pinholes on the top. Crystals were grown inside a closed desiccator for 2 days by the slow diffusion of gases released by the decomposition of ammonium carbonate placed inside the desiccator. To study the role of ansocalcin in the CaCO 3 crystallization, aliquots of protein (0.01-500 g͞ml) dissolved in 7.5 mM CaCl 2 solution were introduced into each well containing the coverslips. After 2 days, the slides were carefully lifted from the crystallization vessels, rinsed gently with Millipore water, air dried at room temperature, glued to copper stubs, and used for further analysis.
Scanning Electron Microscopy (SEM)
. SEM studies on the CaCO 3 crystals were carried out using JEOL 2200 scanning electron microscope at 15͞20 kV. The crystals were sputter coated with gold to increase the conductivity before characterization using SEM.
Results

Structural Characterization of a Goose Eggshell Protein, Ansocalcin.
The eggshell mineral layer incorporates 3-5% biomacromolecules by its weight, which includes proteins, glycoproteins, and proteoglycans. A number of such biomacromolecules have been extracted, purified, and identified from the chicken eggshells (31) (32) (33) (34) (35) (36) (37) (38) . These biomacromolecules, especially the matrix proteins, are believed to be active in controlling the morphology and selective nucleation of polymorphs of the CaCO 3 layer of the eggshell (39) . We focused our attention on understanding the molecular mechanism of eggshell calcification through extraction, purification, and characterization of the matrix proteins (40) . Recently, a number of proteins and peptides from the goose eggshell extract were isolated, purified, and characterized. The supernatant liquid obtained after decalcification and microconcentration of the eggshell extract was fractionated by reversedphase (RP)-HPLC. A 15-kDa protein was identified from the positive ion electrospray ionization mass spectra and named ansocalcin. Its role in the mineralization using in vitro CaCO 3 crystallization was evaluated.
The amino acid composition (Table 1 , Fig. 2) shows that ansocalcin is rich in acidic Glx and Asx residues and basic Lys, Arg, and His amino acids. However, ansocalcin appeared to be more acidic than OC-17. Unlike other soluble, partially purified matrix protein fractions, ansocalcin and OC-17 have a considerable amount of basic amino acid residues (1, 20, 41) . The amino acid sequence of ansocalcin was determined by automated Edman degradation of native and pyridylethylated protein, as well as that of peptides obtained by chemical and enzymatic digests of the protein. Ansocalcin has 132-aa residues comprising hydrophilic and hydrophobic domains (Fig. 2) . Both ansocalcin and ovocleidin (OC-17) (35) proteins belong to the C-type Lectin (CTL) family of proteins. Ansocalcin showed significant homology to ovocleidin 17 extracted from chicken eggshell (50%) and CTL (49%). All cysteines of ansocalcin are conserved in OC-17 (except Cys-38), and CTL has an additional Cys at position 133. Ansocalcin has many acid residues (e.g., Asp, Glu) arranged in pairs, which are known to be potential calcium binding moieties. We identified six such pairs in the primary structure (marked with asterisk) of ansocalcin (Fig. 2 ). It will be interesting to examine the role of these six pairs of acidic residues in the in vitro mineralization of CaCO 3 .
Mineralization Properties of Ansocalcin. Fig. 3 shows some of the salient features of calcite crystals formed in the presence of ansocalcin. As expected, the rhombohedral calcite crystals were observed in the absence of protein (Fig. 3A) . The aggregation of calcite crystals was strongly influenced by the concentration of the ansocalcin protein in the crystallization medium. At lower levels of proteins (below 50 g͞ml), calcite crystals that exhibit screw dislocations in the form of ''hopper'' crystals with rounded pits on the {10.4} faces were formed (Fig. 3B) . This may be due to the interaction of protein with the crystal faces of growing calcite crystals. An abrupt transition from single crystals to polycrystalline aggregates took place above 50 g͞ml of added ansocalcin protein.
The crystal aggregates incorporated more and more rhombohedral calcite crystallites as the protein concentration increased to 100 g͞ml (Fig. 3C) . The overall shape of the crystal aggregates gradually changed from spherical to ellipsoidal as the concentration of the ansocalcin was further increased to 500 g͞ml (Fig. 3D) .
The surface of the crystals grown at a high concentration of ansocalcin revealed a porous texture (Fig. 3D Inset) . The SEM investigation of the crystals collected under various conditions also showed that the number, size, and distribution of crystal aggregates changed significantly as the concentration of ansocalcin was increased. The aggregates formed at the higher concentration of ansocalcin indicated resemblance to the morphology of the mamillary caps (Figs. 1C and 3D) . The observed concentration-dependant changes in morphology of calcite crystals may imply that the active nucleation sites and the growth of the crystals are influenced by the change in concentration of the proteins. These observations directed our attention to investi- The amino acid content is expressed in mol %. *Number of residues per protein of mass 15,342.14. The data are presented as percentage molar composition of the amino acid and number of amino acid residues per protein taking into consideration that the average molecular weight of the amino acid is 114.62 and the protein does not have any posttranslational modifications and͞or glycosylated. † Data taken from ref. 32 . Fig. 2 . Amino acid sequence homology of ansocalcin with other related proteins. Ovocleidin isolated from chicken eggshell (35) , c-type lectin found from snake venom (36) . The identical amino acid residues are shaded in black; asterisks indicate the pair of acid residues observed in ansocalcin. gating possible aggregation properties of ansocalcin via selfassembly at higher concentration. To study the aggregation properties, we examined the elution properties of ansocalcin solution at various concentrations by using a Sepharose 6B-CL resin column (Sigma, 1.5 ϫ 57 cm) with CaCl 2 solution as the mobile phase. The commercially available proteins such as ovalbumin, BSA, and chicken egg lysozyme dissolved in CaCl 2 solution were used as the standards. As shown in Fig. 4 , the ansocalcin protein exists as homodimers at a concentration of 0.1 mg͞ml and homotrimers at 0.5 mg͞ml.
Discussion
The detailed understanding of the structure and functions of eggshell proteins and their contribution to biomineralization will enhance our capability to develop functional biomaterials and synthesize advanced ceramics. As a first step, we have purified various eggshell matrix proteins to homogeneity from the goose eggshell and examined the contribution of ansocalcin, the most abundant protein on CaCO 3 crystallization. Amino acid analysis showed that ansocalcin has high amount of acidic amino acid residues typical of a eggshell matrix protein (Fig. 2) . In vitro crystal growth experiments showed that individual crystals transformed into polycrystalline aggregates as the concentration of ansocalcin was varied (Fig. 3) . The formation of spiral pits at lower concentration of ansocalcin (10 g͞ml) indicates strong interaction between the acidic groups (Asp or Glu) present in the protein and the growing crystal nuclei. Ansocalcin at higher concentrations (above 50 g͞ml) induces the formation of crystal aggregates. This observation may be due to the aggregation of ansocalcin and thus accumulation of nucleating sites. More and more calcite crystallites were incorporated in the aggregates as the concentration of ansocalcin increases. Ansocalcin exists as monomer at lower concentration and homodimer or homotrimer at higher concentrations (Fig. 4) . Such aggregation is anticipated because of the presence of high charge on the molecule.
By correlating the morphological changes with the aggregation features of the ansocalcin, it is clear that at a low concentration level, the protein tend to behave like individual proteins, which get adsorbed onto the growing calcite crystal faces and thereby creating screw dislocation features. However, as the concentration increases, the aggregation of proteins facilitates the aggregation of crystallites by providing large surface area and increased number of surface functional groups. Other research groups also reported similar mechanisms. For example, Banfield et al. (42) proposed a self-assembly based mechanism for the naturally occurring iron oxyhydroxide biomineral formation. The enamel extracellular matrix protein, amelogenin, produced clusters of calcium hydroxyapatite crystals by forming tightly associated spheres of 15-20 nm dimensions (43) . Therefore, we believe that eggshell calcification begins with the self-assembly of matrix macromolecule(s), which then direct the growth of calcite crystals.
Conclusions
We discuss an attempt to explore the molecular mechanism of eggshell formation by using a biochemical model system of goose eggshell matrix. Ansocalcin was extracted from the goose eggshell and fully characterized. The in vitro calcite crystal nucleation was studied to understand the role of this protein in the eggshell mineralization. The highly charged ansocalcin protein appears to exist in aggregate form at higher concentration and influence the nucleation and aggregation of calcite crystals in solution. The results indicate significant structural and shape similarity between the crystals observed at the mamillary layer of the goose eggshell and the crystals obtained from in vitro mineralization using ansocalcin. We believe that such approaches focusing on understanding the role of various functional groups and the recognition processes at the surface of protein aggregates are important to unraveling the role of proteins and other biomacromolecules toward the development of hard tissues in nature.
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